The presence of impurities in aluminum alloys is of great interest with respect to microstructural properties, specifically, the effect of solute on texture and anisotropy. This paper presents new evidence of the pronounced effect of solute drag based on in-situ annealing and Electron Backscatter Diffraction experiments of Zr-rich Al alloys subject to prior strain. A compensation effect was found for grain boundary mobility maxima for specific boundary types. Trends in activation energy as a function of boundary type support the observations of a compensation effect with respect to temperature. Evidence for irregular motion of boundaries from in-situ observations is discussed in reference to new theoretical results that suggest that boundaries migrating in the presence of solutes should move sporadically provided that the length scale at which observations are made is small enough. A study of both boundary motion and solute segregation to specific boundary types using Scanning Transmission Electron Microscopy and in-situ TEM is presented.
INTRODUCTION
Although past studies have shown that solutes have a pronounced effect on the mobility of grain boundaries during recrystallization, the migration mechanism is not fully understood. Even at the mesoscopic scale, a consistent view of the dependence of mobility on boundary character as a function of temperature and solute type is lacking. Some authors [1, 2, [4] [5] [6] [7] 9, 11] claim that these results suggest a selective segregation effect where the decrease in mobility from solute drag for random general boundary types is greater than that of boundaries near 40°<111>. The exceptional behavior of certain boundary types has been ascribed to greater ease of atomic transfer for coincidence site lattice boundaries allied with decreased solute segregation. Many attempts have been made to study the effects of individual solutes on grain boundary migration with respect to velocity [14] and adsorption [15] . In a study of the effect of Zr on Al boundaries by Boutin [14] , two competing conclusions with respect to the segregation of Zr emerge: Zr does not segregate at the grain boundaries in solid solution unless the material has been annealed at a slow heating rate (or from a prior heat treatment at 400°C), or, alternatively, that the effect of Zr in solid solution is null but as a precipitate on subgrain boundaries, the drag effect is large. Specifically, Boutin observed segregation of Zr accompanied by a small volume fraction (2x10 -3 ) of precipitated Al 3 Zr at the sub-boundaries, which was deemed too low to explain the large decrease in grain boundary velocity, thus concluding that segregation does indeed occur, but only at specific annealing temperatures, and is difficult to quantify.
The results presented in this paper show similar findings; a contribution from both fine Al 3 Zr precipitates on subgrain boundaries and within grain was accompanied by segregation of Zr to grain boundaries in solid solution. We found, however, that in our experiments, prior heat treatments at or below 400°C yielded very different ratios of segregation to precipitation; STEM experiments showed atomic segregation at subgrain boundaries, high angle boundaries of small sizes, and a small amount of Al 3 Zr precipitates at subgrain boundaries and dispersed within grains.
With respect to the effect of solute on activation enthalpies, Molodov et al. [4, 9] found that at all solute concentrations (various alloying elements), the activation enthalpy for the off-coincidence boundaries was higher, and increased with solute. Solutes were thought to be adsorbed at the grain boundaries, thus producing a larger effect on the activation enthalpy for migration for off-coincidence boundary types. A compensation effect was found for the <111> boundaries, such that the mobility of theS7 type changes from being a maximum at low temperatures to a (local) minimum at high temperatures. The compensation temperature (T c ) appeared to be dependent on solute composition, as shown in the same account [4, 9] , suggesting that a concentration dependent T c is a result of solute interaction with grain boundaries; this interaction may induce structural changes in the boundaries and would thus affect the mobility. The structural change giving rise to the compensation effect was postulated to be a faceting-defaceting transition for the S7 boundary type.
Recently there have been indications of the limitations of scanning electron microscopy on the length and time scale of these experiments. New theoretical developments [8, 16, 17] suggest that boundary motion should be jerky in certain regimes of solute diffusivity and driving force because of repeated pinning and unpinning of boundaries. These results motivated a more detailed investigation using an in-situ heating device using a TEM. In this paper, the 'jerky motion' revealed in velocity profiles taken from SEM experiments are studied for individual boundaries in a High Resolution Transmission Electron Microscope. The improved resolution at the atomic level permitted the identification of solute segregation at individual boundaries; the results help to both rationalize previous results for boundary-specific growth (the preference for near-S7 type CSL boundaries), and to provide higher spatial resolution in the irregular velocity regime.
EXPERIMENTAL
Using an in-situ nucleation and growth experimental setup previously described [1, 2] , the effect of solute on boundaries during the process of recrystallization was studied in detail. Specifically, additional in-situ SEM experiments were performed; at fixed times during the heating experiments, orientations of the recrystallizing grains (and deformed matrix) were measured using Electron BackScatter Diffraction. Similar experiments were then were repeated within a TEM. Single grains were grown out of a previously cold rolled high purity aluminum alloy containing 0.03 wt.%Zr. TEM foils were prepared from the deformed single crystals and then cut to mimic the scratch nucleation site in the SEM experiments; these foils were then heated in-situ within a Philips™ CM200/FEG. For local chemistry at grain boundaries, a 200kV FEI monochromated F20 UT Tecnai™ instrument was used for Scanning Transmission Electron Microscopy [18, 19] ; specifically, Z-contrast imaging [18, 19] was performed to obtain a qualitative image of Zr segregation at boundaries. Energy Dispersive Spectroscopy (EDS) was then used as a check for chemical composition at boundaries and within precipitates. These methods have been proven effective for the characterization of segregation at grain boundaries [18, 19] .
RESULTS & DISCUSSION
The results presented here and in previous work show that boundaries near the S7 boundary type are highly mobile at low annealing temperatures and exhibit faceted growth; the faceting suggests that mobility is sensitive to the boundary normal [9] . Growth of highly mobile, anisotropic faceted grains was seen in both in-situ SEM and TEM experiments, as shown in Figure 1 . The grains were found to have a highly mobile leading edge with pure tilt character, and less mobile twist boundaries along the elongated sides. In-situ annealing within an SEM revealed that many boundaries migrate at highly variable rates, which appeared to support the solute drag simulation results [8, 16, 17] ; jerky motion of boundaries was also found in the TEM heating experiments. Individual boundaries were tracked during an annealing experiment at 350ºC within an SEM, and the plot of size versus time, Figure 2 , revealed stagnant periods during recrystallization for both types, but at long times, the faceted CSL-type boundary breaks away and is once again mobile, suggesting a difference in segregation preference for particular boundary types during recrystallization. Further annealing studies revealed a faceting-defaceting transition when the alloy was annealed at higher temperatures, which is correlated with the compensation effect [1, 2, 4, 9] . At low temperatures, 111 boundaries are the most mobile, so an in-depth study of the variation of mobility with misorientation angle is presented in Figure 3a ; this shows the variation of mobility with misorientation angle for three different annealing temperatures, where results for boundaries within xx° degrees of a <111> axis have been binned and averaged. The results show that there is a significant shift of the mobility peak towards higher misorientation angles with increasing annealing temperature. The activation energy for <111> boundaries as a function of misorientation angle, Figure 3b , shows a pronounced minimum for boundaries near the S7 CSL type. Our results are in good agreement with previous mobility measurements made using a curvature driven force [4, 9] . Finally we show preliminary results on Zr segregation in-situ at the scale of individual boundaries. Figure 4 shows Z-contrast images for an alloy heated at 370ºC, at which temperature the S7 type is the most mobile boundary type; the experiment is the same as shown in Figure 1b and 1c, where faceted growth of 111 boundaries was found in the SEM heating experiments.
The Z-contrast experiments revealed fine Al 3 Zr precipitates along subgrain boundaries and within subgrain; also, though only qualitative, a high level of Zr contrast was found at both subgrain boundaries, Figure 4b , and at high angle boundaries. These findings are similar to those of Boutin [14] . Most notable, however, was the concentration of Zr at the immobile twist boundaries at the sides of fast growing grains in contrast to its absence at the mobile 111 tilt edge (Figure 4c ). 
CONCLUSIONS
A faceting-defaceting transition was observed between annealing temperatures of 350°C and 485°C, denoting a compensation temperature, T c , for S7 boundary type. The maxium mobility shifts from 38°<111> at low annealing temperatures to 47°<111> at higher temperatures; this shift is correlated with a change from faceted to non-faceted S7 boundaries between low and high temperatures, respectively. In a study of individual boundary motion at low temperatures using the SEM, mobility of faceted S7 CSL boundaries was indeed higher, however in both these coincidence site and random type boundaries, stagnation was observed in early stages of annealing. At long times, the S7 boundary exhibited 'break away' [3] and became more mobile than other more general boundaries. Evaluation of activation energy as a function of misorientation angle (for <111> types) showed a minimum for the 38°<111> (S7) boundaries, which is in agreement with general trends in mobility, but does not explain the peak at 47°<111> at high temperatures. STEM analysis of faceted S7 boundaries at low annealing temperatures revealed more Zr segregation at elongated immobile twist boundary sides of the faceted boundaries than at mobile tilt edges, as well as Zr segregation and fine Al 3 Zr precipitates at subgrain boundaries. This result is of particular interest with respect to previous findings of lower activation energy values at 38°<111>, and of highly mobile faceted S7 grains at long times. The question remains whether Zr segregates only to twist boundaries, or if these faceted boundaries are so mobile that Zr is swept to the sides of these boundaries. Because this Zr segregation was found by Z-contrast, the result is only a qualitative one at present. Energy Dispersive Spectroscopy was performed to measure chemical composition at and within these grain boundaries, and showed only Zr was the only segregant, thereby confirming the Z-contrast results, again qualitative basis. Further spectroscopy and atom probe experiments are planned to obtain quantitative measurements of Zr segregation at grain boundaries.
